The magnetocaloric effect of gadolinium formate, Gd(OOCH) 3 , is experimentally determined down to sub-Kelvin temperatures by direct and indirect methods. This 3D metal-organic framework material is characterized by a relatively compact crystal lattice of weakly interacting Gd 3+ spin centers interconnected via light formate ligands, overall providing a remarkably large magnetic:non-magnetic elemental weight ratio. The resulting volumetric magnetic entropy change is decidedly superior in Gd(OOCH) 3 than in the best known magnetic refrigerant materials for liquid-helium temperatures and low-moderate applied fields. 
Recent years have witnessed a terrific increase in the number of molecule-based materials proposed as magnetic refrigerants for liquid-helium temperatures. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Refrigeration proceeds adiabatically via the magnetocaloric effect (MCE), which describes the changes of magnetic entropy (∆S m ) and adiabatic temperature (∆T ad ), following a change in the applied magnetic field (∆B). As in the first paramagnetic salt that permitted sub-Kelvin temperatures to be reached in 1933, 16 gadolinium is often present because its orbital angular momentum is zero and it has the largest entropy per single ion. 1 How to spatially assemble the Gd
3+
spin centers is vital for designing the ideal magnetic refrigerant. 9, 15 On the one hand, the magnetic density should be maximized, for instance, by limiting the amount of non-magnetic elements which act passively in the physical process. On the other hand, the magnetic ordering for B = 0 should not develop, causing the decrease of MCE, above the target working temperature of the refrigerant. Therefore a compromise becomes necessary, especially for reaching very low temperatures.
This letter focuses on gadolinium formate, whose chemical formula reads Gd are reported in the literature, except for initial Mössbauer experiments. 19 Magnetization measurements down to 2 K and heat capacity measurements using the relaxation method down to ≈ 0.35 K were carried out on powder samples by means of commercial setups for 0 < B < 5 T and 0 < B < 7 T, respectively. Direct measurements of the MCE were performed on a powder sample using a dedicated thermal sensor, installed in the same setup employed for the heat capacity experiments. Figure 1 shows the measured molar magnetization M for temperatures within 2 − 10 K.
The magnetization saturates to the expected value of 7 µ B for a Gd 3+ spin moment, according to which s = 7/2 and g = 2. The M(T ) curves can be well described by a Brillouin function -see, e.g., the dashed line in Fig. 1 for an ideal paramagnet at T = 2 K. Deviations of the experimental data from the paramagnetic behavior are barely noticeable only for the lowest temperatures, and can be ascribed to the presence of a weak antiferromagnetic interaction.
This is corroborated by the T -dependence of the magnetic susceptibility χ. As shown by the solid line in the inset of Fig. 1 , the susceptibility data can be fitted above 2 K to a Curie-
, obtaining a negative, though small, θ = −0.3 K, which suggests that the Gd 3+ moments are weakly antiferromagnetically correlated in the paramagnetic phase.
The top panel of Figure 2 shows the measured low-temperature heat capacity C, normalized to the gas constant R, as a function of temperature for several applied fields. A sharp lambda-like peak can be observed in the zero-field data for T C1 ≃ 0.8 K, denoting the presence of a phase transition, which is accompanied by a smooth and tiny feature at
The magnetic origin of both anomalies is proved by the fact that external applied fields quickly and fully suppress them. levels of the non-interacting s = 7/2 multiplet nicely account for the magnetic contribution C m to the experimental heat capacity. For T > ∼ 7 K, a large field-independent contribution appears, which can be attributed to the lattice phonon modes of the crystal. entropy S m (T ) is derived by integration, i.e.,
where C m is obtained by subtracting the lattice contribution to the total C measured. The so-obtained S m (T ) is shown in the bottom panel of Fig. 2 for the corresponding applied fields. For B = 0, the lack of experimental C m for T < ∼ 0.3 K has been taken into account by matching the limiting S m at high T with the value obtained from the in-field data. One can notice that there is a full entropy content of Rln(8) per mole Gd 3+ involved, as expected from Rln(2s + 1) and s = 7/2.
Next, we indirectly evaluate the MCE of Gd(OOCH) 3 from the experimental data pre- A far more elegant and reliable method for determining the MCE is by directly measuring ∆T ad (T, ∆B) under quasi-adiabatic conditions. The procedure comprises a full magnetization-demagnetization cycle, during which the experimental T and B are continuously recorded. In a half cycle, starting with the sample at an initial T i , we magnetize (demagnetize) by gradually increasing (decreasing) the applied field from B i to B f and let the sample relax to the final T f . In order to compute the temperature evolution for an ideal adiabatic process, one requires a precise knowledge of the heat that unavoidably is absorbed from (released to) the thermal bath during the direct measurement. For this purpose, the thermal conductance k of the wires holding our sensor was previously determined as a function of T , using a standard copper piece as the sample. The non-adiabaticity induces a variation of the entropy ∆S = S(t) − S(t 0 ) in a time interval t − t 0 , which can be expressed as ∆S = therefore be deduced numerically. In our treatment, we safely disregard the entropy contribution due to the heat transferred from the sample holder to the refrigerant material, i.e.,
C sh /T dT , since the heat capacity of the sample holder C sh is negligible with respect to that of Gd(OOCH) 3 below liquid-helium temperature. Figure 4 shows the time evolution of B, T and T ad for a full magnetization-demagnetization cycle, starting at T i = 0.95 K and for a field change ∆B = B f − B i = (1 − 0) T or (0 − 1) T, depending on whether we deal with the magnetization or demagnetization process, respectively. We note that the exact same conditions are highlighted in Figure 2 : process A → C for the magnetization and process D → B for the demagnetization. In the top panel of Fig. 4 , we observe T to increase while we magnetize to 1 T. Here T ad increases more than T because the thermal losses to the bath are compensated to obtain T ad . Upon reaching B f , T decays back towards T i = 0.95 K but T ad = 3.5 K is constant, since it corresponds to an adiabatic process at constant B. In the bottom panel, T decreases below T i , while we demagnetize to zero field, whereupon T gradually relaxes back to equilibrium, while constant for ∆B = (1 − 0) T and (3 − 0) T, respectively, 8 i.e., definitely much lower than GGG.
The mass density ρ = 3.86 g cm −3 of Gd(OOCH) 3 is very large among molecule-based materials, though yet smaller than that of GGG. In Gd(OOCH) 3 , the Gd 3+ centers are interconnected only by short and extremely light CHOO − ligands. Ultimately, this enhances the MCE favored by a larger weight of magnetic elements with respect to non-magnetic ones, which act passively. As a matter of fact, the mass density of these two materials is effectively counterbalanced by the magnetic:non-magnetic weight ratio, which amounts to 0.54 in Gd(OOCH) 3 and to a lower 0.47 in GGG. for ∆B = (1 − 0) T and (3 − 0) T, respectively, as can be seen in Figure 3 . These values compares favorably with the ones obtained from GGG.
Concluding, we experimentally determine the magnetocaloric effect of the Gd(OOCH) 3 metal-organic framework material. Under quasi-adiabatic conditions, sub-Kelvin direct measurements of the temperature change corroborate the results inferred from indirect methods.
By comparing the MCE per volume of other known materials, such as GGG, we demonstrate that gadolinium formate could serve as an excellent magnetic refrigerant for liquid helium temperatures. Our observations are interpreted as the result of a light and compact structural framework promoting very weak magnetic correlations between the Gd 3+ spin centers.
Finally, we foresee that synthetic and technological strategies, already developed for the surface deposition of MOF materials, could ultimately facilitate the integration and exploitation of Gd(OOCH) 3 within molecule-based microdevices for on-chip local refrigeration.
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